The supercapacitive properties of nickel(II) tetraaminophthalocyanine (NiTAPc)/multi-walled carbon nanotube (MWCNT) nanocomposite films have been interrogated for the first time and found to possess a maximum specific capacitance of 981 AE 57 F g À1 (200 AE 12 mF cm À2 ), a maximum power density of 700 AE 1 Wkg À1 , a maximum specific energy of 134 AE 8 Wh kg À1 and excellent stability of over 1500 charge-discharge continuous cycling. Impedimetric study proves that most of the stored energy of the MWCNT-NiTAPc nanocomposite can be accessible at high frequency (720 Hz). When compared to MWCNTs modified with unsubstituted nickel(II) phthalocyanine (MWCNT-NiPc) or nickel(II) tetratert-butylphthalocyanine (MWCNT-tBuNiPc), MWCNT-NiTAPc exhibited superior supercapacitive behaviour, possibly due to the influence of nitrogen-containing groups on the phthalocyanine rings.
Introduction
Electrochemical capacitors (also known as ''supercapacitors'' or ''ultracapacitors'' or ''power capacitors'') are charge-storage devices with a high power density and long cycle life. They serve as intermediate systems that bridge the power/energy gap between traditional dielectric capacitors (high power) and batteries (high energy).
1 This is an active area of research seeking to develop the next generation of cost-effective, energy-efficient and environmentally-friendly power sources for a variety of everyday applications.
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There are two types of supercapacitors, viz: (a) ''electrochemical double layer capacitor'' (EDLC) and (b) ''pseudocapacitors''. The operation mechanism of the former involves the non-Faradaic separation of charges at the ''double-layer'' (i.e., electrode/electrolyte interface) while the latter involves fast Faradaic, redox reaction of electroactive materials at the interface. 3 EDLCs are obtained from carbon materials such as activated carbons, carbon aerogels and carbon nanotubes, while pseudocapacitors are obtained from redox-active materials such as polymeric complexes and metal oxides. Hybrid materials incoporating EDLC and pseudocapacitor materials are thought to give the next generation high-performance supercapacitor devices.
Metallophthalocyanine (MPc) complexes are metal N4 macrocyclic organometallic complexes known for their excellent physico-chemical and redox properties. [4] [5] [6] [7] Although MPc complexes have been known to show interesting properties for potential applications in a plethora of areas such as in catalysis, sensing and photocatalysis, until now, there has been no report on their supercapacitive behaviour. A recent patent on EDLC based on activated carbon claimed the use of unsubstituted FePc and CoPc as mere 'conductive agents', 8 it however did not give any details on either the electrochemistry or carried out any study on the impedimetric property of the electrodes. This work interrogates for the first time the supercapacitive behaviour of a model MPc complex, nickel(II) tetraaminophthalocyanine (NiTAPc, Fig. 1 ) integrated into a high surface area conducting carbon nanotubes (CNTs) support.
Our choice of amino-substituted NiPc complex supported on MWCNTs has been motivated by many factors such as: (i) costeffectiveness and ease of preparation of MPc complexes, notably NiTAPc; (ii) the high popularity of Ni complexes as supercapacitive materials 9 compared to Fe or Co complexes; (iii) the enhanced supercapacitive properties of nitrogen-containing materials; [10] [11] [12] and (iv) the ability to be stably immobilized onto a basal plane pyrolytic graphite substrate via p-p interaction; (v) the high insolubility of NiTAPc in aqueous solution, an essential property that prevents it to from being washed away from its carbon electrode substrate when used in an aqueous system; and (vi) the high surface area, high conductivity and interconnectivity of CNTs that enhance capacitive properties. 13 In this work, we show for the first time, using cyclic voltammetry (CV), galvanostatic charge/discharge (CD) and electrochemical impedance spectroscopy (EIS) techniques, that an MWCNT-NiTAPc nanocomposite film immobilized onto a basal plane pyrolytic graphite electrode (BPPGE) is a promising platform for potential development of supercapacitors in an aqueous, acidic electrolyte.
Experimental details

Materials and reagents
Multi-walled carbon nanotubes (MWCNT, purity >90%, 110-170 nm in diameter, 5-9 mm in length) obtained from Sigma Aldrich were acid-functionalised by undergoing stringent acid treatment following the established methods.
14-17 The MWCNTs were purified as described previously. Briefly, 1 g of MWCNTs in 140 ml of 2.6 M HNO 3 was refluxed for 48 h. The carbon nanotube sediments were separated from the reaction mixture, washed with distilled water, and sonicated in a concentrated H 2 SO 4 -HNO 3 mixture (3 : 1 ratio, 98% and 70% purity, respectively) for 24 h. Thereafter, the sediments were washed with distilled water, stirred for 30 min in a H 2 SO 4 -H 2 O 2 mixture (4 : 1, 98% and 30% purity, respectively) at 70 C, and washed again with distilled water. Finally, the purified paste-like MWCNTs were oven-dried at 50 C for 48 h. Nickel(II) tetraaminophthalocyanine (NiTAPc, Fig. 1 ) was synthesised and characterised following the well-known procedure introduced by Acher and Jayasree. 18 For comparative studies, unsubstituted nickel phthalocyanine (NiPc, Aldrich) and nickel(II) tetra-tert-butyl phthalocyanine (tBuNiPc, Fig. 1 in the ESI †) were investigated for their supercapacitive behaviour. The tBuNiPc was obtained from its metal-free precursor, tetra-tertbutyl phthalocyanine (tBuPc, kindly donated by Prof T. Fukuda, Graduate School of Science, Tohoku University, Japan). Introduction of nickel into the core of the tBuPc was achieved using a similar metallation process described before. 19 Briefly, this involved refluxing a DMF solution containing a mixture of tBuPc and an excess of nickel acetate for about an hour. The DMF was then evaporated and the dark green residue purified using a short silica gel column (CHCl 3 with a small amount of methanol as eluent) to afford the desired tBuNiPc. As expected, the formation of the nickel complex was easily established by UV-visible spectrophotometry in CHCl 3 by observing the total collapse of the split Q-bands (663 and 696 nm) of the metal-free tBuPc complex (D 2h symmetry) to the single Q-band (668 nm) of the metal, tBuNiPc, complex (D 4h symmetry). Ultra-pure water of resistivity 18.2 MU cm was obtained from a Milli-Q Water System (Millipore Corp., Bedford, MA, USA) and was used throughout the experiments.
Preparation of NiTAPc-MWCNT composite and electrode fabrication
Prior to modification with nickel phthalocyanine complexes or MWCNTs or their MWCNT composites, the carbon electrode substrate (BPPGE surface) was cleaned by gentle polishing on a p1200C Norton carborundum paper (Saint-Goban Abrasives, Isando, South Africa) followed by cleaning with the cellotape process of removing graphite layers and finally rinsing in acetone to remove any adhesives. The MWCNT-NiTAPc composite was obtained by grinding an equal amount of MWCNT and NiTAPc (1 : 1 mass/mass ratio), dissolved in DMF, ultrasonicated for 30 min and finally dried. Unlike the pristine MWCNTs, the acidfunctionalised MWCNTs exhibited an excellent dispersion in dry distilled DMF. NiTAPc, acid-treated MWCNTs and MWCNTNiTAPc are highly dispersible in dry DMF. Neither of them in DMF showed any detectable precipitate even after 3 months. However, the dispersion/solutions were used within 48 h of preparation. The drop-dry strategy was employed to load the NiTAPc or MWCNTs or MWCNT-NiTAPc hybrids onto the BPPGE surface by placing the required drops (20-80 mL) of the dispersion/solution material (1 mg material dissolved in 1 mL dry DMF) onto the BPPGE surface and dried in the oven at 50 C for about 2 min. 
Equipments and methods
Field emission scanning electron microscopy (FESEM) images were obtained from JEOL JSM 5800 LV (Japan). Atomic force microscopy (AFM) experiments were performed with AFM 5100 System (Agilent Technologies, USA). TGA was performed with a Mettler Toledo A851 (Switzerland). A simultaneous TGA/ DTA machine was used for thermal and gravimetric analysis. Powder samples (ca. 10 mg) were heated from 25-1000 C at a scan rate of 10 C min À1 in nitrogen atmosphere. Infra-red spectra were obtained with the Perkin-Elmer GX 2000 FTIR spectrometer attached to the Perkin-Elmer Auto Image Microscope system equipped with a liquid Nitrogen-cooled MCT detector. Mass measurements, unless otherwise stated, were performed with the Sartorius CP225D micro-balance with a readability (d) of 0.01 mg.
Electrochemical experiments were carried out using an Autolab Potentiostat PGSTAT 100 (Eco Chemie, Utrecht, Netherlands) driven by the GPES software version 4.9. Electrochemical impedance spectroscopy (EIS) measurements were performed with Autolab Frequency Response Analyser (FRA) software between 100 kHz and 10 mHz using a 5 mV rms sinusoidal modulation. A bare or modified BPPGE disk (d ¼ 5 mm in Teflon) was used as the working electrode and was fabricated from BPPG plate (Le Carbone, Sussex, UK). Electrical contact with the disk was maintained through an inserted copper wire held in place with conducting silver varnish. An Ag|AgCl, saturated KCl and platinum wire were used as reference and counter electrodes, respectively. All solutions were saturated with nitrogen prior to each electrochemical experiment. Galvanostatic charge/discharge (CD) experiments were carried out at different current densities of 1-30 A g À1 (i.e., 0.1-3 mA cm
À2
) in 1 M H 2 SO 4 . Experiments were performed at 25 AE 1 C.
3. Results and discusion 3.1. FESEM and XRD charaterisation Fig. 2 shows the FESEM images of the MWCNT-NiTAPc nanocomposite. Fig. 2 (inset) clearly reveals the attachment (to a certain extent, via p-p interactions) of the NiTAPc nanoaggregates (50-100 nm size) on the nanofibril-like structure of the acid-functionalised MWCNTs. The FESEM image of the MWCNT-NiTAPc is different from that reported by Wang et al. 20 of a metal-free phthalocyanine (tetra-tert-butyl phthalocyanine, tBuPcs) species that were uniformly and non-covalently attached to the CNTs via p-p interactions. The authors 20 noted that when the tBuPcs was metallated with copper to form the copper(II) tetra-tert-butyl phthalocyanine (tBuCuPcs), these p-p interactions were hindered, which they attributed to the destruction of the aromaticity of the conjugated tBuCuPcs backbone due to the formation of the coordinate bond between copper and the nitrogens of the core tBuPcs. This explanation may partly hold for our MWCNT-NiTAPc, but their noncovalent attachment cannot be ruled out, as other workers 21 have also proved this to be possible with nanocomposites of SWCNTs/metallated porphyrins (compounds structurally related to phthalocyanines).
The XRD patterns of the MWCNTs and NiTAPc powders are essentially the same but differ slightly from that of the MWCNTNiTAPc hybrid (Fig. 3a) , confirming the formation of a new material and a possible change in crystallinity and interplanar space.
15 TGA curve of the MWCNTs ( Fig. 3b (i)) shows a steady loss of weight from about 100 C up to about 20% at the end of the pyrolysis at 1000
C. This is interesting considering that the TGA of CNTs, perfomed under similar conditions as ours, showed a low amount of weight loss (<10%) when pyrolysed to about 700
C. This discrepancy may be due to the harsh treatment adopted in the functionalisation of our MWCNTs that introduced oxo-groups on their surfaces. The NiTAPc (ii) follows the same pattern as the MWCNTs except that it showed drastic reduction of weight from about 540 C, just like the MWCNT-NiTAPc (iii). TGA curve of the MWCNT-NiTAPc (iii) shows an initial weight loss of about 15% starting from 100 C until around 200 C due to the desorption of physically adsorbed water. The onset pyrolysis of the MWCNT-NiTAPc was at about 200 C. Further decomposition of the MWCNTNiTAPc complex started at about 540 C until 1000 C. The thermal stability decreases as MWCNT > NiTAPc > MWCNT-NiTAPc. Wang et al. 20 also observed similar trend wherein the onset pyrolysis temperature of the tBuPcs/CNTs (213 C) was remarkably lower than that of the tBuPcs (465.8 C). The authors 20 attributed the low decompsition temperature of the tBuPcs/CNTs to the increased internal energy of the adsorbed tBuPcs. The same explanation may also explain the trend we observed in our results. In other words, the lower thermal stability of the MWCNT-NiTAPc compared to the MWCNTs or NiTAPc may be due to the increased internal energy of the bulk NiTAPc that results from structural configuration following the attachment of NiTAPc nano-aggregates onto the nanofibril structure of the MWCNTs. Fig. 4a is the overlaid cyclic voltammograms of the (i) BPPGE, (ii) BPPGE-NiTAPc, (iii) BPPGE-MWCNT and (iv) BPPGE-MWCNT-NiTAPc in 1 M H 2 SO 4 solution, which clearly shows that the NiTAPc/MWCNT nanocomposite exhibits a larger capacitance compared to the other electrodes. For clarity purposes, Fig. 4b presents only the cyclic voltammograms of the (i) BPPGE (ii) BPPGE-NiTAPc and (iii) BPPGE-MWCNT. It is evident from Fig. 4b that the acid-functionalised MWCNTs are associated with surface reactions with peaks at ca. À0.1, 0.05, 0.2 V instead of the typical rectangular shape expected of an EDLC behaviour of carbon materials as MWCNTs. This behaviour is in good agreement with literature and should certainly be expected considering the long digestion period employed in the functionalisation of these MWCNTs. The specific capacitance for each modifier is estimated using the reliable galvanostatic charge/discharge method (see section 3.3).
Cyclic voltammetric characterisation
In acidic medium, pseudocapacitance arises from the redox reactions of the functional groups on the surface of the materials. In the case of acid pretreated MWCNTs these are likely to correspond to the two-electron, two-proton redox process of surface quinones, which are also introduced as surface oxogroups during acid pretreatment of MWCNTs. [22] [23] [24] These surface quinones give rise to two small, ill-defined, quasireversible redox waves observed at ca. 0.2 V vs. SCE at low pH, corresponding to both ortho-and para-quinone surface groups. In fact, a closer look at Fig. 4 shows that those peaks observed for the MWCNTs (Fig. 4b ) are also present (as weak peaks) at the MWCNTNiTAPc voltammogram (Fig. 4a) . Thus, the broad redox couple (indicative of pseudo-capacitance) of the MWCNT-NiTAPc nanocomposite (Fig. 4a) at around 0.2 V is related to both the quinonyl oxygen functionalities of the acid-functionalised MWCNTs as well as the Ni(II)/Ni(III) redox process of the NiTAPc species (eqn (1)):
The participation of the nitrogen-containing groups of the NiTAPc in the electrochemistry may not be completely ruled out. For example, For example, redox chemistry corresponding to imine-like groups within the phthalocyanine structure, which is analogous to the quinonyl redox processes discussed above, may also be a contributory factor to the pseudo-capacitance observed in Fig. 4 .
According to Hulicova-Jurcakova et al. 12 pyrrol and pyridinic nitrogens are electroactive and can enhance supercapacitance. This is because pyrrol or pyrrol-like nitrogens (-NH) improve charge mobility in a carbon matrix by their ability to introduce electron-donor characteristics and enhancing the carbon catalytic activity in electron-transfer reactions, while the pyridinic nitrogens (]N) can provide a lone pair for conjugation with the p-conjugated rings. Although amines bonded to the carbon surface are not expected to affect the electron-donor properties of carbon materials, 12 it is well-known to phthalocyanine researchers and electrochemists that electropolymers of the metallo-tetra-aminophthalocyanine (MTAPc) complexes, notably NiTAPc, can easily be formed on any carbon electrode surface (for electrocalysis and sensing) using cyclic voltammetry in an appropriate organic solvent (such as DMF) in the presence of a supporting electrolyte salt (e.g., tetrabutyl ammonium phosphate, TBAP). The formation of such MTAPc electropolymers are known to be due to the electroactivity of these peripherally substituted amino groups.
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Furthermore, protonation of the basic pendant amine functional groups within the NiTAPc framework induces additional positive charges to the complex as well as the Ni(II)/Ni(III) metal centre. Fig. 5 shows the impact of varying scan rates on the voltammetric current response at the MWCNT-NiTAPc. At higher scan rates, the observed peak-to-peak separation (DE p ) increases slowly (ca. 100 mV) and the ratio of anodic and cathodic peak current is almost unity, indicative of relatively fast, electrochemically quasi-reversible electron transfer kinetics. A plot of peak (anodic and cathodic) current vs. scan rate was linear (Fig. 5b) , indicative of a surface-bound redox system. Note that despite that we did not employ any binding substance in the fabrication process, the thin film of the MWCNT-NiTAPc nanocomposite on the BPPGE surface still exhibited excellent electrochemical stability, possibly due to the ability of the BPPGE to hold MWCNT-NiTAPc species via p-p interactions.
Galvanostatic charge/discharge characterisation
It is well documented that galvanostatic discharge is the most reliable and accurate method for evaluating the supercapacitance of electrodes compared to either cyclic voltammetry or impedimetric methods.
26-28 Fig. 6 shows typical galvanostatic charge/ discharge measurements obtained for the (i) BPPGE-MWCNT and (ii) BPPGE-MWCNT-NiTAPc at $1 mg cm À2 and current density of 1 A g
À1
; first charged to 0.5 V and then discharged to À0.2 V. The same trend was obtained at other mass loadings used (see another example obtained at 40 mg, Fig. 2 
in the ESI †).
The specific capacitance (SC), specific power density (SP) and specific energy (SE) based on the active materials (MWCNT, or NiTAPc or MWCNT-NiTAPc) were easily estimated from the discharge process using the established eqn (3)-(5).
26,27,29,30
where I, Dt, DE and m represent the current density, discharge time, potential range and the active mass of the material, respectively. ) for the MWCNT, and 981 AE 57 F g À1 (200 AE 12 mF cm À2 ) for the MWCNT-NiTAPc. It is well known that in an aqueous electrolyte, capacitance is predominantly determined by the hydrophilicity of the electrode materials, the stronger the affinity of the electrode materials; the higher the double layer capacitance. 31 The high specific capacitance recorded for the MWCNTs should perhaps not be surprising considering the stringent acid-treaments procedure adopted in this work to functionalise our MWCNTs. For example, by merely stirring MWCNTs in 3 : 1 mixture of H 2 SO 4 -HNO 3 for just an hour, Kim et al. 31 reported the capacitance of MWCNTs immobilized onto a Ni mesh using PVDF solution in N-methylpyrolidine as binder (and a 3-electrode system) to be 51.3 F g À1 in 1 M H 2 SO 4 . On the other hand, Frackowiak and co-workers 3 did not employ the long functionalisation times as used in our case, however, they reported values from 70 to 120 F g À1 in 6 M KOH for a 2-electrode system using a PVDF binder. Therefore, if we consider that we did not employ organic binders (which, to a certain extent, can impact negatively on the flow of ions and hence on the observed capacitance) and that the capacitance value of a 2-electrode system is about 4 times less than for a 3-electrode system, 1 the values reported by these authors 31 are in close proximity to ours.
Further, we employed the galvanostatic discharge method to obtain an insight into the impact of different mass loadings (20-80 mg range) on the capacitance. As seen from Fig. 7 , the specific capacitance decreases slightly from the lowest mass loading ($1320 F g À1 at 20 mg) to the highest mass ($907 F g À1 at 80 mg). It is interesting to observe from Fig. 7 that, within the limits of experimental errors, the SC of the MWCNT-NiTAPc nanocomposite is approximately 1000 F g À1 at all mass loadings studied. The decrease in the SC at higher mass loadings (>20 mg) may be attributed to the thickness of the film on the small geometric area electrode (0.0196 cm 2 ) employed in this study. In fact, with the exception of the 20 mg loading, all subsequent loadings had to be carried out at several ''drop-dry times'' to get all the materials loaded on the electrode. A thick film is disadvantageous to pseudocapacitive behaviour. As the material loading increases, more of the electroactive species are buried within the thick film and become 'redox-silent'. In addition, there will be problems with distribution of potentials within this thick surface-confined modified CNT material. Thus, as a compromise, we used 40 mg ($2 mg cm À2 ) to compare the SC values of the three materials. The maximum supercapacitive parameters were obtained at $2 mg cm À2 at 1 A g À1 and are summarised in Table 1 12 recently reported a value of 1117 mF cm À2 for the nitrogen-enriched carbon electrode. It is interesting to note that our supercapacitance value of 200 mF cm À2 is two orders of magnitude or more than a hundred-fold greater than the value described as 'extraordinary supercapacitance'. 12 The excellent supercapacitive behaviour of the MWCNT-NiTAPc may be related to the high surface area and porous nature of the nanocomposite that enhance the penetration of solution ions. In addition, the incorporation of pendant amine groups, capable of protonation at this low pH incorporates more positive charges into the NiTAPc macrocycle structure than simply the Ni(II)/ Ni(III) metal centre, thus enhancing the interaction with electrolyte anions at the electrolyte-electrode interface and increasing the observed double-layer capacitance compared to macrocycles without such additional charged groups. Importantly, the thin film nature of the hybrid (small active mass, #2 mg cm
À2
) shortens the distance which ions and electrons would have to travel to reach the electrode.
Also, at all current densities of 1-30 A g À1 (i.e., 0.1-3 mF cm À2 ) studied, the charge processes of the MWCNT-NiTAPc showed mirror images of their corresponding discharging counterparts, with no detectable IR drop even at much higher discharge current densities (see for example at 0.5 and 3 mA cm À2 Fig. 8 ), suggesting a very small equivalent series resistance (ESR) of the electrode. The energy deliverable efficiency (h/%) was obtained from eqn (6) .
where t d and t c are discharge time and charging time, respectively. The energy deliverable efficiency of the MWCNT-NiTAPc nanocomposite at the $2 mg cm À2 was $121% at 1 A g À1 and up to $100% at 10 A g
À1
. To obtain an insight into the impact of phthalocyanine ring substituents on the supercapacitive behaviour, similar galvanostatic charge/discharge experiments for NiTAPc-MWCNT were also performed with unsubstituted nickel phthalocyanine (NiPc) and nickel(II) tetra-tert-butyl phthalocyanine (tBuNiPc). Interestingly, the NiTAPc gave superior capacitive data. As an example, at a current density of 1 Ag À1 (for $20 mg loading) the specific capacitance decreases as
This trend is also evident from their comparative CV evolutions (Fig. 3 in the ESI †) . This trend is in accordance with the nitrogen content of the three phthalocyanine species. In addition, the poorer value of the tBuNiPc may be related to the absence of nitrogens with any donor lone pairs to protonate at this acidic pH used in this work and/or the bulky tert-butyl group that may deform the phthalocyanine framework, thus reducing the supercapacitance. In addition, Kim et al. 31 proved that alkyl chains reduce supercapacitance. In addition, the NiTAPc-MWCNT is more stable on the BPPGE and highly reproducible galvanostatic data than the other nickel phthalocyanines studied. More importantly, NiPc and tBuNiPc and their MWCNT composites are less soluble in DMF than the NiTAPc based electrodes. This superior performance of the NiTAPc is not fully understood at this moment, but may be related to its nitrogencontaining groups, which have recently been observed to greatly enhance supercapacitive behaviour.
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The stability of the BPPGE-MWCNT-NiTAPc was tested by continuous cycling at high current density (1 mA cm À2 ). A typical repetitive charge-discharge cycling for 1500 cycles, lasting about 3 days, is shown in Fig. 9 . The Figure clearly shows that the electrode is able to charge and discharge continuously without any significant loss in capacitance.
Impedance spectroscopy characterisation
Unlike the galvanostatic discharge method, electrochemical impedance spectroscopy (EIS) is the least reliable and accurate technique for determining the supercapacitive properties of materials, especially those related to conducting polymeric ). The low-frequency differential capacitance (C d ) for each of the electrodes can be obtained from the slope (1/2pC d ) of the plot of the imaginary component of the impedance versus the reciprocal of the frequency (i.e., ÀZ 00 vs. 1/f). 29, 40, 41 The values of the specific capacitances for the three modifiers at $2 mg cm À2 fixed at 0.3 V were approximately 13 F g À1 for the NiTAPc, 64 F g À1 for the MWCNT and 340 F g À1 for the MWCNT-NiTAPc nanocomposite. These SC values are indicative of strong deviation from the data obtained from the galvanostatic method. This strong discrepancy has also been observed by several workers for conducting polymeric substances, [35] [36] [37] [38] [39] [40] and the origin of which has long been a subject of some controversy for more than two decades. For example, Murray and co-workers 35 have suggested the involvement of some physico-chemical heterogeneities; Tanguy and co-workers 37 attributed such phenomenon to ''deeply trapped'' counter ions which remain immobile during impedance experiment; while Kalaji and Peter 39 described it as the consequence of slow conformational changes occurring in the polymer network. Later, Ren and Pickup 40 performed further experiments that claimed to support the arguments on conformational changes. It should be noted that recent workers have also observed this discrepancy and attributed it to ''redoxswitching hysteresis'' associated with conducting polymers, 42 or the hindrance that accompanies the penetration of alternating current into the bulk electrode. 27 As also observed in Fig. 7 , the SC value of the different mass loading of the MWCNT-NiTAPc decreases significantly from the lowest mass loading ($586 F g À1 at 20 mg) to the highest mass ($180 F g À1 at 80 mg). Thus, it is very likely that one or more of these interpretations by other workers may also hold in our case, especially considering that thick films are prone to inhibiting facile current flow and exacerbating the trapping and/or immobility of ions. Since this behaviour has mainly been reported for the conducting polymers, it suggests that the MWCNT-NiTAPc nanocomposites exhibit some properties of conducting polymeric substances. Also, it should be noted from Fig. 6 that the SC values obtained from the EIS and galvanostatic discharge techniques are in the same magnitude. This is interesting considering that other workers 43 have observed that the value of SC obtained from galvanostatic is about a magnitude greater than the value obtained from EIS experiment.
Despite the paucity of EIS in establishing reliable data on the supercapacitive data, it still remains a powerful technique for providing valuable insights into processes that occur at the electrode/solution interface. As seen in Fig. 10 , the BPPGE-MWCNT shows near-vertical line as expected for pseudocapacitor. The BPPGE-MWCNT-NiTAPc (inset) shows smaller incomplete semi-circle in the high frequency region (describing the ESR or charge transfer resistance across the electrode/electrolyte interface), compared to the BPPGE-NiTAPc, followed by a near-vertical line at low frequency region, which is typical of capacitive behaviour. The transition point between the high frequency and low frequency component, referred to as the ''knee'' or ''onset'' frequency (f o ) describes the maximum frequency at which the capacitive behaviour is dominant, and is a measure of the power capability of a supercapacitor; the higher the f o the more rapidly the supercapacitor can be charged and discharged or the higher the power density that can be achieved from the supercapacitor. 44, 45 The values of the f o decreases as MWCNT-NiTAPc (720 Hz) [ NiTAPc $ MWCNT ($4 Hz). Accordingly, the higher f o value of the MWCNT-NiTAPc confirms its higher power property compared to the individual NiTAPc and MWCNTs, which is consistent with the comparative CV data shown in Fig. 4 . The reciprocal of the f o is the response time of the capacitor. Note that the f o of MWCNTNiTAPc is about 1.4 ms, suggesting that most of its stored energy is still accessible at frequencies as high as 720 Hz. Most commercially available supercapacitors, including those specifically designed for higher power applications, operate at frequencies less than 1 Hz.
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The impedimetric behaviour of MWCNT-NiTAPc could be satisfactorily modelled by the electrical equivalent circuit comprising the modified Randles circuit with one Voigt RC element (Fig. 11) , involving a solution resistance (R s ¼ À11.7 U), a double-layer capacitance (C dl ¼ 95 nF), an electron-transfer resistance (R ct1 ¼ 16.6 U and R ct2 ¼ 18 U) and constant-phase elements (CPE 1 ¼ 10.5 mF with n 1 ¼ 0.95 and CPE 2 ¼ 33.6 mF with n 2 ¼ 0.55). Note that the impedance of CPE is defined as in eqn (7):
where Q is the frequency-independent constant relating to the surface electroactive properties, u is the radial frequency, the exponent n arises from the slope of log Z vs. log f (and has values À1 # n # 1). If n ¼ 0, the CPE behaves as a pure resistor; n ¼ 1, CPE behaves as a pure capacitor, n ¼ À1 CPE behaves as an inductor; while n ¼ 0.5 corresponds to Warburg impedance (Z w ) which is associated with the domain of mass transport control arising from the diffusion of ions to and from the electrode|solution interface. The CPE 1 that replaced the diffusion impedance (Z w ) in the ideal Randles circuit is associated with a high n 1 value (0.95), describing the high porous nature of the electrode. The n 2 value (0.55) is approximately equal to the ideal Warburg behaviour of n ¼ 0.5, describing the diffusion of ions through the thin film. 29 From the Bode plot (log |Z| vs. log f (Fig. 12) , the high frequency region yielded a slope of close to zero, characteristic of a pure resistor, while the low frequency region yielded a slope of <1.0, characteristic of a pseudocapacitor. Note that the same trend of impedimetric evolutions observed in Fig. 10 was also observed at higher mass loading (see example for 2 mg cm In general, these data clearly suggest that the impedance of this electrode varies from a pure resistor at high frequency to pseudocapacitor at low frequency region. Surprisingly, all attempts to replace the ideal C dl with a CPE (a real application situation) in the modeling circuit proved unsuccessful. As has elegantly been described recently by Orazem and Tribollet, 45 frequency dispersion leading to CPE behaviour occurs as a result of distribution of time constants along either the area of the electrode surface (involving a 2-dimensional aspect of the electrode) or along the axis normal to the electrode surface (involving a 3-dimensional surface). It is noteworthy that a 2-D distribution presents itself as an ideal RC behaviour, meaning that impedance measurements are very useful in distinguishing whether the observed global CPE behaviour is due to a 2-D or 3-D distribution or both.
Thus, we may conclude that the observed impedimetric behaviour of the BPPGE-MWCNT-NiTAPc likely involve time constant distributions occuring along the area of the electrode as well as along the axis normal to the electrode. Also, from the other type of Bode plot (i.e., Àphase angle (q) vs. log f, (Fig. 12) , the q was about 80
, which is less than the 90 expected of an ideal capacitive behaviour, thus further confirming the presence of CPE and pseudocapacitive nature of the BPPGE-MWCNT-NiTAPc.
Conclusion
In conclusion, we have proved for the first time that an CNT-MPc modified electrode shows excellent supercapacitive behaviour. Given the high number of existing MPc complexes and new ones constantly reported in the literature, and the importance of supercapacitors in energy development, we envisage that this novel study is likely to spark research interests in the supercapacitive properties of CNT-MPc hybrid electrodes. 
